Acyl-CoA:cholesterol acyltransferase (ACAT) is a key enzyme involved in cellular fatty acid and cholesterol homeostasis (1) . By transacylating long chain fatty acyl CoA (LCFA-CoA) to cholesterol, ACAT is responsible for the synthesis of cholesteryl esters, the major storage form of cholesterol in the cell. Two isoforms of ACAT (ACAT1 and ACAT2) have been identified in mammals (1) (2) (3) . ACAT1 accounts for most ACAT activity present in human liver, adrenal gland, macrophages, and kidney but not intestines (4) . In contrast, ACAT2 represents the majority of ACAT activity in human intestine and fetal liver, and the minority of ACAT activity in hepatocytes (5, 6) . Despite these advances, the exact physiological roles of ACAT1 and ACAT2 in different tissues and species remain to be elucidated. Since ACATs are integral membrane proteins residing primarily in rough endoplasmic reticulum of various cell types (7) , ACAT activities are enriched in the microsomal fraction (8) . Because the microsomal ACAT cholesterol substrate pool is not saturated, most previous studies focused on cholesterol availability as rate limiting in ACAT activity (1) . Consequently, relatively little is known regarding the other substrate, LCFA-CoA, the acyl chain specificity of ACAT, or the potential role of LCFACoA binding proteins in regulating LCFA-CoA availability to ACAT.
The total cellular concentration of LCFA-CoA is between 5-160 M, depending on cell and tissue type (9, 10) . However, since LCFA-CoAs readily partition into membranes and/or interact with a variety of intracellular LCFA-CoA binding proteins, the free unbound LCFA-CoA pool is in the low nM range and unlikely to exceed 200 nM (10) . Thus, under normal physiological conditions, LCFA-CoAs may actually not be readily available as substrates for microsomal ACAT. While the LCFA-CoA substrate specificity (i.e., acyl chain length and unsaturation) of a purified ACAT has not been reported (11) , early studies using rat liver microsomes showed that ACAT exhibits specificity in the order: oleoyl-CoA, palmitoyl-CoA, stearoyl-CoA, and linoleoyl-CoA (12) . All of these LCFA-CoAs are bound with high affinity by intracellular lipid binding proteins that interact with both ACAT substrates, LCFA-CoA and cholesterol. The intracellular sterol carrier protein-2 (SCP-2) binds both LCFA-CoAs and cholesterol (13) with high affinity. Likewise, the intracellular liver fatty acid binding protein (L-FABP) binds both LCFA-CoAs (14) and cholesterol (15) , albeit with lower affinities. Although SCP-2 (13) and L-FABP (16) stimulate microsomal ACAT activity in vitro and/or in transfected cells, it is unclear whether their activation of microsomal ACAT is due to binding/transferring LCFA-CoA substrate and/or cholesterol substrate to the ACAT enzyme.
In contrast to LCFA-CoAs, a considerable body of knowledge has accumulated regarding the other microsomal ACAT substrate, i.e., cholesterol. Microsomal ACAT activity is clearly regulated by cholesterol, apparently by two distinct mechanisms: First, cholesterol may serve as an activator of purified ACAT (1) . Plots of microsomal ACAT versus cholesterol mole fraction in donor membrane vesicles as well as cholesterol substrate saturation curves for recombinant ACAT in reconstituted membrane vesicles are sigmoidal (1, 17) . Second, cholesterol substrate supply appears to be rate-limiting under physiological conditions (1) . Very little of the endogenous microsomal cholesterol is available as a substrate for ACAT and, thus, cholesterol must be transferred to the microsomal ACAT from exogenous sources (1) . Because of cholesterol's very low aqueous solubility, spontaneous transfer of exogenous cholesterol (i.e., from other membranes such as plasma membrane) is normally very slow (18, 19) , but is dramatically enhanced in the presence of the intracellular lipid binding protein sterol carrier protein-2 both in vitro and in transfected cells expressing SCP-2 (18) (19) (20) . The ability of SCP-2 to stimulate microsomal ACAT was originally attributed to SCP-2 binding and transferring cholesterol to microsomal ACAT for esterification (20) . However, as indicated above, the observation that sterol carrier protein-2 binds LCFA-CoAs with high affinity (i.e., nM K d s) (21) obscures this interpretation. SCP-2 alters the domain structure of cholesterol in potential cholesterol donor membranes (e.g., plasma membrane, lysosomes, and mitochondria) and acceptor membranes (i.e., endoplasmic reticulum) both in vitro and in transfected cells (18) . Thus, SCP-2 may thereby increase the availability of exogenous cholesterol and facilitate entry of exogenous cholesterol to microsomal ACAT by altering the membrane domain structure of cholesterol and accessibility to ACAT therein.
In contrast to SCP-2 and L-FABP, which both interact with each ACAT substrates (i.e., cholesterol and LCFA-CoAs) (13), acyl CoA binding protein (ACBP) has high affinity and exclusively binds only LCFA-CoAs (9). The purpose of the studies presented herein was 4-fold: i ) to examine the interrelationships between LCFA-CoA substrate level and cholesterol substrate availability in contributing to microsomal ACAT activity; ii ) to utilize ACBP to resolve the potential role of LCFA-CoA binding, independent of cholesterol binding, on the ability of intracellular lipid binding proteins to modulate microsomal ACAT activity; iii ) to compare the relative effects of LCFA-CoA binding protein versus LCFA-CoA/cholesterol binding proteins on microsomal ACAT activity in the presence and absence of exogenous cholesterol; iv ) to determine if ACBP is present in endoplasmic reticulum, the intracellular site wherein ACAT is localized.
MATERIALS AND METHODS

Materials
Cholesterol (3 ␤ -hydroxyl-5-cholesten-3-one), triacylglycerol, cholesteryl-oleate, and 1-palmitoyl-2-oleoyl-sn -glycerol-3-phosphocholine (POPC) were purchased from Avanti Polar-Lipids (Alabaster, AL). [1-14 C]oleoyl CoA (56.3 and 57 mCi/mmol) was obtained from New England Nuclear. Fatty acid free BSA and EDTA were purchased from Sigma (St. Louis, MO). Nitrocellulose membrane was purchased from Schleicher & Schuell (Keene, NH), Sigma, and Bio Rad (Hercules, CA). Sephacryl S-300 beads were acquired from Pharmacia (Uppsala, Sweden). Silica gel G thinlayer chromatography plates were obtained from Analtech (Newark, DE). All other chemicals were reagent grade or better.
Primary antibodies for immunocytochemistry were prepared or obtained as follows: recombinant mouse ACBP was obtained as described in the following section and rat polyclonal anti-ACBP antibodies were prepared against the mouse ACBP as described earlier (22) . Polyclonal antisera to ACBP were prepared in rats (Hazleton Research Products, Denver, PA) according to the protocols for the use of laboratory animals approved by the appropriate institutional review committee and met AAALAC guidelines as described earlier (22) . Rabbit anti-human acyl-CoA cholesteryl acyltransferase 1 (ACAT1) and rabbit anti-human acyl-CoA cholesteryl acyltransferase 2 (ACAT2) affinity purified IgG (50 g/100 l PBS containing 0.02% sodium azide) were generously provided by Dr. T. Y. Chang (Deptartment of Biochemistry, Dartmouth Medical School, Hanover, NH). Mouse anti-rough endoplasmic reticulum (clone RF6), which recognizes a 43 kDa antigen in rough ER, was obtained from DAKO Co. (Carpinteria, CA). Secondary antibodies for immunocytochemistry were purchased from the following sources: Texas Red-conjugated goat anti-rat IgG was from Sigma Chemical Co. FITC-conjugated goat anti-rabbit IgG and FITC-conjugated goat anti-mouse IgG were from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA).
Protein purification
Mouse recombinant ACBP was prepared by inserting the mouse ACBP cDNA as a fusion protein in pET-32 Xa/LIC plasmid vector (Novagen, Madison, WI), expressing in BL21(DE3) bacteria, purifying the fusion protein with S-protein agarose, and cleaving the fusion protein with Factor Xa followed by Xarrest agarose for 30 min. The fusion peptide was removed with Ni-NTA agarose. The final native ACBP product appeared as a single band on silver stained Tricine gel and by Western blotting (not shown). Human recombinant SCP-2 was isolated and purified as described earlier (21) . Rat recombinant L-FABP was expressed and purified as previously described (23) . Lipid extraction of the purified recombinant proteins did not detect any significant levels of bound ligand. Likewise, BSA was purchased lipid free from Sigma. Protein concentration was determined by Bradford assay (Sigma).
Isolation of rat liver microsomes
Microsomes, prepared from male Sprague-Dawley rat (200-210 g) livers, were washed by gel filtration with 100 ml column volume of Sephacryl S-300 beads to remove trapped soluble lipid binding proteins as described (24) . Western blotting analysis showed no detectable amount of ACBP (24) or SCP-2 (25) and only trace amounts of L-FABP (24) . earlier (26) . Although the method used to prepare SUV yields the same cholesterol/POPC molar ratio as in the starting material, the yield of SUV formed is not 100% efficient. Therefore, it was necessary to determine the final cholesterol concentration in each SUV preparation. Lipids were extracted from 5 l of SUV preparation using 200 l chloroform-methanol (2:1, v/v). Cholesterol was separated from POPC by TLC using a Silica gel G plate and quantitated as described earlier (26) .
Measurement of ACAT activity
Microsomal ACAT activity was measured by formation of cholesteryl-[ 14 l of chloroform) along with standards (cholesteryl oleate, dioleoylglycerol, trioleoylglycerol, oleic acid, cholesterol, phosphatidic acid) in separate lanes on an activated silica gel G plate, and lipids were separated using a solvent system containing petroleum ether-diethyl ether-acetic acid (85:20:1, v/v/v). Lipids were visualized with iodine. By comparison with the known standards, the desired bands were removed by scraping and the radioactivity was determined in liquid scintillation cocktail (Scinti Verse, Fisher Scientific, Pittsburgh, PA) using a Packard 1600 TR scintillation counter (Meridan, CT).
Cell culture
Stock cultures of L-cells (L-arpt Ϫ tk Ϫ ) were maintained in 10% FBS Higuchi medium (22) . Stock cultures of McA-RH7777 hepatoma cells, a gift of Dr. Charles Baum (Dept. of Medicine, Clinical Nutrition Research Unit, Section of Gastroenterology, Univ. of Chicago, Chicago, IL), were maintained as described (27) . For indirect immunofluorescence (see below), cells were grown on glass cover slip chambers and prepared as described earlier (28) .
Western blotting
Western blotting and/or protein isolation has shown that both L-cells and hepatoma cells have high levels of ACBP: 0.8 g ACBP/mg protein for L-cells (9) 1.8 g ACBP/mg protein for McA-RH7777 hepatoma cells (not shown). These levels of ACBP are similar to those reported for mouse and rat liver, i.e., 0.6 g ACBP/mg protein (9) . To determine whether L-cells or hepatoma cells contain ACAT1 and/or ACAT2, Western blotting was performed with the anti-human ACAT1 and anti-human ACAT2 at 1:1,000 dilution, basically as described earlier (28) . Western blots demonstrated that ACAT2 was detectable in L-cells, ACAT1 was only weakly detectable and insufficient for immunofluorescence imaging in L-cells, and both ACAT1 and ACAT2 were very weakly detectable and insufficient for immunofluorescence imaging in hepatoma cells (data not shown). Therefore, double immunolabeling for colocalization of ACBP with ACAT in rough endoplasmic reticulum by laser scanning confocal microscopy was possible only with anti-ACAT2 with L-cells. To colocalize ACBP with rough endoplasmic reticulum in hepatoma cells, another endoplasmic reticulum marker was used, anti-rough endoplasmic reticulum (cloneRF6, recognizing a 43 kDa antigen of rough endoplasmic reticulum).
Double immunolabeling and confocal fluorescence microscopy
Double immunolabeling, laser scanning confocal microscopy (LSCM), and image analysis were performed as described earlier (28) . Briefly, L-cells and hepatoma cells were fixed immediately with 1 ml of cold methanol-acetone (1:1, v/v) per well (4-well chamber slide) and incubated at Ϫ 20 Њ C for 10 min. The fixative solution was then discarded and the cover glass air-dried. The cover glass was then blocked with 2% goat serum-BSA in PBS (pH 7.4) for 1-1.5 h at room temperature (or overnight at 4 Њ C). A 0.2 ml of primary antibodies diluted in blocking solution was added to each well and incubated at room temperature for 1 h. Multiple dilutions of primary and secondary antibodies were tested. Optimal dilutions of primary antibodies were: 1:50 rat anti-mouse ACBP polyclonal antibodies (for detecting ACBP), 1:10 mouse anti-rough endoplasmic reticulum (clone RF6, for detecting rough endoplasmic reticulum), and 1:50 rabbit antihuman ACAT2 (for detecting rough endoplasmic reticulum). The solution containing the primary antibodies was then removed, and the cover slip washed in PBS containing 0.05% Tween-20 for 20-30 min (five times). The secondary antibody, diluted in blocking buffer or PBS, was then added to the cover slip and incubated for 1 h at room temperature. The optimal dilution for all secondary antibodies was 1:100: Texas Red-conjugated goat anti-rat IgG antibody, FITC-conjugated goat anti-rabbit IgG antibody, and FITC-conjugated goat anti-mouse IgG antibody. The secondary antibody solution was then removed followed by five washes of the cover slip with PBS over a 20-30 min time period. The cells were then imaged by laser scanning confocal microscopy as previously described (28) . FITC was visualized by Kr/Ar laser excitation at 488 nm and detecting fluorescence emission through a 522/DF35 filter (Chroma Technology Corp., Brattleboro, VT). Texas red was excited by the 568 nm Kr/Ar laser line and fluorescence detected through a HQ598/40 emission filter (Chroma Technology Corp., Brattleboro, VT). As controls for all immunolocalization studies, cells were incubated with primary or secondary antibody alone.
Statistical analysis
Values represent the mean Ϯ SE. Statistical significance was evaluated with Student's t -test. (Fig. 1A) . Oleoyl CoA concentrations Ͼ 20 M inhibited the microsomal ACAT by 82% (4.8 pmol/min/mg protein) at 60 M oleoyl (Fig. 1A) .
RESULTS
Microsomal acyl-
Thus, even in the absence of exogenous cholesterol, a small pool of cholesterol is available for microsomal ACAT to be stimulated. In the absence of exogenous cholesterol, such a low level of microsomal ACAT activity has been attributed to spontaneous redistribution of cholesterol among microsomal fragments (17) . The fact that at Ͼ 20 M oleoyl CoA the microsomal ACAT was inhibited may be due in part to the detergent-like properties of high levels of fatty acyl CoAs (29) . Similar inhibition of other types of microsomal acyltransferases (e.g., glycerol-3-phosphate acyltransferase) has also been reported, albeit at much higher oleoyl CoA concentrations, i.e., Ͼ 80 M (30) . These data suggest that in the absence of exogenous cholesterol donor, the microsomal ACAT is 4-fold more sensitive to inhibition by oleoyl CoA than other microsomal acyltransferases.
Effect of increasing exogenous cholesterol on microsomal ACAT. To test the effect of exogenous cholesterol on microsomal ACAT, cholesterol was added to the assay in the form of small unilamellar vesicles (SUV) composed of 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC) and cholesterol (65:35 molar ratio). These model membranes were use to deliver exogenous cholesterol because cholesterol has very poor aqueous solubility and cholesterol-rich membranes are the normal substrate source of intracellular cholesterol for microsomal ACAT. The cholesterol/POPC ratio used herein was similar to that typical for cell surface membranes.
With increasing exogenous cholesterol and constant oleoyl CoA, microsomal ACAT activity increased in linear fashion to 60.7 pmol/min/mg protein at 20 M cholesterol (Fig.  1B) . At cholesterol concentrations Ͼ 33 M, microsomal ACAT activity plateaued near 80.4 pmol/min/mg protein (Fig. 1B) . Microsomal ACAT activity in the presence of exogenous cholesterol reached a plateau that was 3-fold higher than observed that in the absence of cholesterol (Fig. 1A ) and 8.5-fold more that determined at the same concentration of oleoyl CoA (40 M oleoyl CoA) but without exogenous cholesterol (Fig. 1A) . Thus, exogenous cholesterol enhanced microsomal ACAT to a much higher level than the small pool of endogenous microsomal cholesterol available to microsomal ACAT by spontaneous transfer of cholesterol between microsomal fragments.
To determine if microsomal ACAT activity was maximal in the presence of the above concentration of exogenous cholesterol donor, the quantity of microsomal protein was increased from 5 g to 120 g. Total cholesteryl-[1-14 C]oleate (pmol/min) formed by microsomal ACAT increased linearly up to 120 g microsomal protein ( Fig. 2A ) , indicating that the exogenous cholesterol donor was still in sufficient excess for testing the effects of added fatty acyl CoA binding proteins. Finally, increasing the incubation time to longer than 30 min did not further increase the amount of cholesteryl-[1-14 C]oleate (Fig. 2B) .
Microsomal acyl-CoA:cholesterol transferase
Effect of increasing oleoyl CoA in the presence of exogenous cholesterol.
Since high levels of oleoyl CoA inhibited microsomal ACAT in the absence of exogenous cholesterol, it was important to determine if addition of exogenous cholesterol prevented this effect. In the presence of exogenous cholesterol, microsomal ACAT activity increased linearly from 0 M to 60 M oleoyl CoA and reached maximal values at 60-80 M oleoyl CoA (Fig. 2C) . The maximum was 36.6-fold higher than that obtained with equivalent oleoyl-CoA for microsomal ACAT activity without exogenous cholesterol (Fig. 1A) . Furthermore, at high concentrations of oleoyl CoA (e.g., 100 M) microsomal ACAT activity was inhibited only slightly, 4%, in the presence of exogenous cholesterol (Fig. 2C) . Thus, with exogenous cholesterol, the inhibitory effect of high oleoyl CoA was 21-fold smaller (i.e., 4% vs. 82% inhibition), and shifted to 5-fold higher oleoyl CoA concentration.
Comparison of the time course of microsomal ACAT in the absence versus presence of exogenous cholesterol revealed additional differences. While both curves were linear during the first 5 min, in the absence of cholesterol, microsomal ACAT activity reached maximal value by 10 min (Fig. 3) . In contrast, with exogenous cholesterol, microsomal ACAT continued to increase, albeit 2-fold more slowly, such that even by 45 min the activity had not plateaued.
In summary, ACAT activity was regulated not only by availability of both substrates, but in the presence of exogenous cholesterol the inhibitory effect of high levels of oleoyl CoA was essentially abolished. Only in the presence of exogenous cholesterol did microsomal ACAT activity respond optimally to the increased oleoyl-CoA availability. These findings suggested that the choice of assay conditions, which resulted in marked differences in ACAT activity, could determine at least in part the effect of LCFACoA binding proteins on microsomal ACAT activity.
Intracellular fatty acyl CoA binding proteins (ACBP, SCP-2, and L-FABP) inhibit ACAT in the absence of exogenous cholesterol
Since activity of microsomal ACAT measured in the absence of exogenous cholesterol donor, was inhibited at Ͼ20 M oleoyl CoA (Fig. 1A) , the possibility that addition of LCFA-CoA binding proteins may remove the inhibitory effect was examined using three intracellular fatty acid binding proteins with a wide range of affinity for fatty ACBP with р2 nM K d (31) ; sterol carrier protein-2 (SCP-2) with 3-5 nM K d (21) ; liver fatty acid binding protein (L-FABP) with 2-3 orders of magnitude lower affinity, i.e., K d s in the submicromolar to micromolar range (14) .
In the absence of exogenous cholesterol, microsomal ACAT activity was inhibited by all three intracellular LCFA-CoA binding proteins in rank order roughly following their K d s: ACBP Ͼ sterol carrier protein-2 (SCP-2) Ͼ liver fatty acid binding protein (L-FABP) (Fig. 4 ). While at a low level of LCFA-CoA binding protein (i.e., 15 M) only ACBP significantly inhibited microsomal ACAT activity (by 30%), at 30 M all three proteins significantly (P Ͻ 0.05) inhibited microsomal ACAT by 48% (ACBP), 16% (SCP-2), and 8% (LFABP), respectively (Fig. 4) . These effects were specific to intracellular LCFA-CoA binding proteins. Addition of an extracellular protein that binds LCFA-CoA binding (e.g., BSA) stimulated microsomal ACAT activity by as much as 46% (Fig. 4) . These data suggest that in the absence of exogenous cholesterol, the intracellular, but not extracellular, LCFA-CoA binding proteins inhibited microsomal ACAT. Interestingly, the protein that specifically binds only LCFA-CoAs, i.e., ACBP, exhibited the greatest inhibitory effect on microsomal ACAT.
Role of exogenous cholesterol in determining the effect of intracellular fatty acyl CoA binding protein on microsomal ACAT
In the presence of exogenous cholesterol, addition of all the intracellular fatty acyl CoA binding proteins stimulated microsomal ACAT by as much as 2.6-fold, depending on the specific LCFA-CoA binding protein (Fig. 5) . At low levels of intracellular LCFA-CoA binding proteins (i.e., 10 M) the stimulation followed in the order: ACBP (2.6-fold) Ͼ SCP-2 (1.4-fold), L-FABP (1.5-fold) (Fig. 5) . However, at higher level of LCFA-CoA binding protein (i.e., 30 M) ACBP and SCP-2 exhibited nearly equivalent stimulation, 2.4-fold and 2.2-fold respectively. L-FABP did not increase further than the 1.5-fold stimulation already noted at lower concentration. This stimulatory effect of LCFACoA binding proteins on microsomal ACAT was not specific to intracellular LCFA-CoA binding proteins. Addition of an extracellular protein that also binds LCFA-CoA (i.e., BSA) also stimulated microsomal ACAT activity by 1.6-fold and 1.9-fold at 10 M and 30 M BSA, respectively (Fig. 5) .
In summary, these data show for the first time that the intracellular LCFA-CoA binding proteins (ACBP, SCP-2, L-FABP) differentially stimulated microsomal ACAT depending on the amount of exogenous cholesterol. While all three proteins inhibited microsomal ACAT in the absence of exogenous cholesterol, in contrast all three proteins stimulated microsomal ACAT in the presence of exogenous cholesterol. These differential effects of the intracellular LCFA-CoA binding proteins on microsomal ACAT were specific, since the extracellular LCFA-CoA binding protein BSA 
Intracellular colocalization of ACBP with ACAT2 in the endoplasmic reticulum of L-cell fibroblasts
In order for the preceding observations showing that intracellular LCFA-CoA binding proteins enhance ACAT in the endoplasmic reticulum to be functionally significant, it was important to determine if these proteins localize in the endoplasmic reticulum. Although SCP-2 and L-FABP are localized in highest concentration in peroxisomes and cytoplasm, respectively, low amounts of SCP-2 (13) and L-FABP (33) are also present in the endoplasmic reticulum. In contrast, almost nothing is known regarding the intracellular localization of ACBP, much less whether it is localized to any extent in endoplasmic reticulum. L-cell fibroblasts contain high levels of ACBP (9), exhibit ACAT activity (16) , and express ACAT2 (see Materials and Methods). Therefore, L-cells were double immunolabeled with antisera to ACBP and ACAT2 to determine if ACBP is present in rough endoplasmic reticulum. ACAT2 is localized in rough endoplasmic reticulum (6, 7). L-cells double immunolabeled with anti-ACBP and anti-ACAT2 were imaged by laser scanning confocal microscopy (LSCM). A representative 0.3 confocal slice through the cell and its nucleus (darker area in middle of the slice) is shown in Fig. 6 . The intracellular distribution pattern of anti-ACBP was most intense in the perinuclear region with lower diffuse staining throughout the cytoplasm (Fig. 6A) . Interestingly, significant levels of Texas Red-conjugated goat anti-rat ACBP IgG staining were also detected in the nucleus in nonrandom distribution (Fig. 6A) . The strongest FITC-conjugated goat anti-rabbit ACAT2 IgG (green) labeling pattern in L-cells was also highest in the perinuclear region (Fig. 6B) . However, labeling with FITC-conjugated goat anti-rabbit ACAT2 IgG was much less intense and very little was localized in the nuclei (Fig. 6B) . Superposition of the simultaneously acquired fluorescence patterns for Texas Red-conjugated goat anti-rat ACBP IgG (red) and FITC-conjugated goat anti-rabbit ACAT2 IgG (green) revealed significant colocalization, especially in the perinuclear region (Fig. 6C) . Much of the immunofluorescence appeared as yellow/orange colocalized pixels rather than separate red and green areas (Fig. 6C) . This was more clearly demonstrated by showing only the colocalized pixels (Fig. 6D) . Finally, when these qualitative data were displayed as a pixel fluorogram (Fig. 6E) , many yellow/orange pixels were localized along the diagonal of the fluorogram, suggesting strong colocalization. Few of the FITC-conjugated goat anti-rabbit ACAT2 IgG pixels (green) were distinct from those of Texas Red-conjugated goat anti-rat ACBP IgG (red). The ratio of green pixels colocalizing with red pixels was 0.99, indicating that 99% of anti-ACAT2 antibody colocalized with anti-ACBP antibody in the endoplasmic reticulum. However, significant levels of ACBP were not present in endoplasmic reticulum, as evidenced by the ratio of red pixels colocalizing with green pixels as being only 0.49. 
Colocalization of ACBP with endoplasmic reticulum in hepatoma cells
To determine whether ACBP's colocalization with endoplasmic reticulum ACAT2 in L-cells was a general property, the intracellular localization of ACBP was also examined in McA-RH777 hepatoma cells. Since ACAT1 and ACAT2 were very weakly detectable with the available antibodies in McA-RH777 hepatoma cells, the ACBP was colocalized with another marker for the endoplasmic reticulum: rough endoplasmic reticulum Clone RF6.
McA-RH777 hepatoma cells were fixed and double immunolabeled to detect the ACBP (red) and endoplasmic reticulum (Clone RF6) marker (green), followed by simultaneous colocalization of the two proteins by laser scanning confocal fluorescence microscopy. The McA-RH777 hepatoma cells stained brightly with both Texas Red-conjugated goat anti-rat ACBP IgG (red in Fig. 7A ) and FITC-conjugated goat anti-mouse rough endoplasmic reticulum (clone RF6) marker IgG pixels (green in Fig.  7B ). Staining with both antibodies appeared brightest in the perinuclear region, although weaker staining was observed in nuclei of McA-RH777 hepatoma cells. Superposition of the two images (Fig. 7C) showed much yellow/ orange labeling as well as some distinct green and red diffuse labeling. This was more clearly evident when only the colocalized pixels were shown (Fig. 7D) . Again, the highest colocalization was in the perinuclear region along with much weaker staining in the nuclei. This was quantitatively confirmed in the pixel fluorogram (Fig. 7E) . The pixel fluorogram showed a high population of Texas Red-conjugated goat anti-rat ACBP IgG (red) and FITC-conjugated goat antimouse rough endoplasmic reticulum (clone RF6) marker IgG pixels (green) appearing as yellow/orange pixels along the y axis. The ratio of green pixels colocalizing with red pixels was 0.94, indicating that 94% of endoplasmic reticulum marker colocalized with ACBP. However, some ACBP was not present in endoplasmic reticulum as evidenced by the ratio of red pixels colocalizing with green pixels as being slightly less, i.e., 0.89.
DISCUSSION
Cellular cholesterol uptake, storage, and excretion represent an intricate homeostatic balance of cellular cholesterol needs. ACAT is a key enzyme in this regulation since it catalyzes the microsomal synthesis of cholesteryl esters from fatty acyl CoA and cholesterol. ACAT plays at least three important roles: i) ACAT prevents cytotoxicity of excess free cholesterol by converting it into less toxic cholesteryl esters. Because of its poor aqueous solubility, excess free cholesterol crystallizes in tissues (34) , cells (35) , and membranes (36) , where it is cytotoxic. Inhibition of ACAT induces accumulation of unesterified cholesterol and cell toxicity (37) . ii) ACAT stores excess cholesterol as cholesteryl esters within the cell in cholesteryl ester rich-lipid droplets. Such cholesteryl ester rich-lipid droplets are especially important as sources of cholesterol for corticosteroid production in steroidogenic cells (38) . iii) ACAT produces cholesterol esters for formation of lipoproteins in liver (VLDL) and intestine (chylomicrons) for transport to other tissues. The results presented herein provide several new insights to potential regulation of ACAT activity in the endoplasmic reticulum by fatty acyl CoA binding protein, independent of cholesterol binding.
First, not only cholesterol but also LCFA-CoA levels potentially regulate the activity of ACAT in vitro. Interestingly, microsomal ACAT was inhibited in the presence of physiological levels of LCFA-CoAs (i.e., Ͼ20 M) (9) . The latter observation may account for the low level of ACAT activity under physiological conditions where cholesterol substrate supply is low (17) . In contrast, under conditions of high exogenous cholesterol availability, the LCFA-CoA inhibition was removed or shifted to Ͼ5-fold higher oleoyl CoA concentration. While the molecular basis for the simple addition of exogenous cholesterol donor resulting in increased ACAT may be attributed to increased availability of cholesterol (12) , the increase may equally be due to the high LCFA-CoA binding capacity of membranes (10) . The exogenous cholesterol used in the microsomal ACAT assay was added as small unilamellar vesicles (POPC-cholesterol, 65:35, v/v) composed of a single bilayer membrane. Due to their small size (SUV have a limiting radius of curvature near 290 Å), the membrane surface area available to provide LCFA-CoA binding sites is very high (39) . By adding SUV as an exogenous cholesterol donor, the inhibitory LCFA-CoA may be removed by reversible binding of excess LCFA-CoA to the SUV membranes, yet still readily available as a microsomal ACAT substrate.
Second, the results for the first time resolved a longstanding issue regarding whether intracellular lipid binding proteins enhanced microsomal ACAT by interaction with fatty acyl CoA, independent of interaction with cholesterol. Although ACBP exclusively binds fatty acyl CoAs (9), ACBP stimulated microsomal ACAT by 3-8-fold, but only in the presence of exogenous cholesterol. This effect was specific for intracellular fatty acyl CoA binding proteins with ACBP Ͼ SCP-2 Ͼ L-FABP, an order roughly following the relative affinities of these proteins for fatty acyl CoAs. Although BSA also stimulated liver microsomal ACAT, it had no effect on human mononuclear phagocyte microsomal ACAT (40) . The reason for the discrepancy is unclear, but may be due to the source of BSA, the lipidation state of the BSA, and/or the fact that the two ACATs may not be the same. Finally, the present data also confirm an earlier observation (40) that, in the absence of exogenous cholesterol, ACBP inhibits microsomal ACAT.
Third, the data showed for the first time that fatty acyl CoA bound to an intracellular fatty acyl CoA binding protein (e.g., fatty acyl-CoA:ACBP complex) was a better substrate for microsomal ACAT than fatty acyl CoA alone. This finding was supported by the observation that ACBP:fatty acyl CoA complexes donate fatty acyl CoA to microsomal acyltransferases involved in phosphatidic acid biosynthesis (41) . Precedent for this potential mechanism comes from parallel studies with microsomal acyl CoA:retinol acyltransferase (ARAT) (42) . ARAT functions analogous to ACAT in that ARAT stimulates formation of retinyl-esters, the intracellular storage form of retinol (42) . ARAT interacts directly with the holocellular retinol binding protein (containing bound ligand) but not the apocellular retinol binding protein (no bound ligand) (42) . The holocellular retinol binding protein may better interact with the microsomal ARAT because the holoretinol binding protein undergoes a conformational change upon ligand binding (43) . Likewise, ACBP undergoes a conformational change upon fatty acyl CoA binding (31) . ACBP is an ellipsoidal protein (axes of 15 Å and 9 Å) with overall rotational correlation time, based on Trp emission, near 3.1 ns (31). Upon oleoyl CoA binding, rotational correlation time of ACBP decreases by 23% (from 3.1 ns to 2.4 ns, P Ͻ 0.05), overall hydrodynamic diameter of ACBP decreases by 2 Å, and the segmental motions of Trp residues increase (31) . Similar conformational differences in L-FABP isoforms are thought to account for differential modulation of microsomal glycerol-3-phosphate acyltransferase by these isoforms (30) .
Fourth, it was shown for the first time that not only ACAT2 (44) , but also ACBP were significantly localized in endoplasmic reticulum. Localization of ACBP in endoplasmic reticulum was consistent with the fact that: i) the C-terminal amino acid sequence of ACBP (i.e., VDELK KKYGI) contains the endoplasmic retention motif KKKYG (45) , and ii) ACBP selectively interacts with highly-curved, anionic phospholipid membranes (46) . However, since ACBP can readily be solubilized from cell and tissue homogenates, it would appear that ACBP is not a likely transmembrane/integral membrane protein like ACAT1 or ACAT2. Instead, ACBP interacts with membranes primarily through electrostatic forces as has been observed for other fatty acyl CoA binding proteins such as SCP-2 (39) and L-FABP (47) . Finally, the observation that ACBP is significantly localized in nuclei of L-cells and hepatoma cells suggests that this protein may be influence nuclear receptors that bind fatty acyl CoAs and thereby regulate the transcriptional activity of genes involved in lipid metabolism as well as glucose uptake (48) .
Fifth, in vitro exchange assays do not support a mechanism whereby ACBP and other fatty acyl CoA binding proteins stimulate microsomal ACAT by enhancing cholesterol transfer from neutral charged donor SUV to microsomal ACAT. The SUV used herein were comprised of POPC-cholesterol (65:35, v/v), which do not have a net at PENN STATE UNIVERSITY, on February 21, 2013 www.jlr.org Downloaded from negative charge. While SCP-2, L-FABP, and BSA all bind cholesterol, such proteins strongly stimulate cholesterol transfer from anionic SUV (e.g., SUV containing negatively charged phospholipids), but not neutral zwitterionic phospholipid containing SUV (49) . Fatty acyl CoA/cholesterol binding proteins such as SCP-2 only very weakly enhance sterol transfer from POPC:cholesterol SUV, while L-FABP has no effect (50) . ACBP neither binds cholesterol nor enhances sterol transfer in these assays (not shown). Nevertheless, as shown herein, the fatty acyl CoA/cholesterol binding proteins (SCP-2, L-FABP, BSA) stimulate microsomal ACAT in the presence of exogenous cholesterol (POPC:cholesterol SUV) and fatty acyl CoA. Thus, there was little or no correlation between the ability of a fatty acyl CoA/cholesterol binding protein to enhance cholesterol transfer from neutral charged SUV and the ability to stimulate microsomal ACAT in the presence of neutral charged SUV cholesterol donors.
In summary, while the mechanism whereby fatty acyl CoA binding proteins modulate microsomal ACAT activity has not been clearly established, data to date suggest the following possibilities: i) since ACBP specifically binds only fatty acyl CoAs and does not directly transfer cholesterol between membranes, ACBP may stimulate microsomal ACAT as the holoprotein (i.e., ACBP containing bound fatty acyl CoA) interacting directly with microsomal ACAT enzyme to provide fatty acyl CoA substrate. ii) ACBP may stimulate microsomal ACAT by increasing the aqueous fatty acyl CoA pool. Although membranes have a high capacity to bind fatty acyl CoAs, they do so with low affinity as shown by K d s near 6 M (10). In contrast, ACBP has very high affinity as shown by K d s of 1-5 nM (9, 31). Thus, ACBP extracts fatty acyl CoAs from membranes (51) . iii) ACBP may stimulate microsomal ACAT by removing the inhibitory influence of high levels of fatty acyl CoAs. iv) ACBP may protect fatty acyl CoAs from microsomal hydrolases and thereby increase the available pool of unhydrolyzed fatty acyl CoA to be used as a substrate by microsomal ACAT. Other fatty acyl CoA binding proteins have been shown to protect fatty acyl CoAs from microsomal hydrolases (23, 52) . v) ACBP may stimulate microsomal ACAT activity by binding to the microsomal membrane (46), a feature apparently shared with other intracellular fatty acyl CoA binding proteins.
